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Endophilin and Sorting Nexin 9 (Snx9) play key roles
in endocytosis by membrane curvature sensing and
remodeling via their Bin/Amphiphysin/Rvs (BAR)
domains. BAR and the related F-BAR domains form
dimeric, crescent-shaped units that occur N- or C-
terminally to other lipid-binding, adaptor, or catalytic
modules. In crystal structures, the PX-BAR unit of
Snx9 (Snx9PX-BAR) adopts an overall compact, mod-
erately curved conformation. SAXS-based solution
studies revealed an alternative, more curved state
of Snx9PX-BAR in which the PX domains are flexibly
connected to the BAR domains, providing a model
for how Snx9 exhibits lipid-dependent curvature
preferences. In contrast, Endophilin appears to be
rigid in solution, and the SH3 domains are located
at the distal tips of a BAR domain dimer with fixed
curvature. We also observed tip-to-tip interactions
between the BAR domains in a trigonal crystal form
of Snx9PX-BAR reminiscent of functionally important
interactions described for F-BAR domains.
INTRODUCTION
BAR domain-containing proteins are implicated in endo- and
exocytosis regulating membrane trafficking and cytoskeletal re-
arrangements (Itoh and De Camilli, 2006). BAR domains consist
of a three-helix bundle that dimerizes, forming a crescent shape
with surface properties that allow them to sense and induce
membrane curvature (Peter et al., 2004) (Figure 1). There are
structural variationswithin the BARdomain superfamily that con-
tribute to distinct membrane curvature preferences for each sub-
family: N-BAR proteins such as Endophilin and Amphiphysin
contain an N-terminal amphipathic helix that contributes to their
membrane bending potential (Gallop et al., 2006; Masuda et al.,
2006; Zimmerberg andKozlov, 2006). F-BAR proteins form a dis-
tantly related subfamily, members of which induce or stabilize
membrane deformations with a lower degree of curvature, dis-
tinct from N-BAR domain proteins (Henne et al., 2007; Shimada
et al., 2007; Frost et al., 2008). The recently characterized I-BAR
domains form rather flat dimers and are thought to stabilize
negative curvatures (Lee et al., 2007; Mattila et al., 2007; Millard
et al., 2005).1574 Structure 16, 1574–1587, October 8, 2008 ª2008 Elsevier LtdFrom the available crystal structures, there appears to be
a preferred degree of curvature within particular BAR domains,
with APPL1 being more curved than Endophilin and Amphiphy-
sin (Figure 1) (Gallop et al., 2006; Li et al., 2007; Masuda et al.,
2006; Pylypenko et al., 2007; Zhu et al., 2007). F-BAR domains
are significantly larger in diameter and have a lower degree of
curvature, and their preference for larger vesicles can be ratio-
nalized on a structural basis (Frost et al., 2008). The crystal
structure of the membrane-binding module of Snx9, a Phox-ho-
mology (PX) and BAR domain-containing Sorting Nexin, depicts
a less curved BARdomain dimer compared to other BARdomain
structures, consistent with the induction of wider membrane
tubes by Snx9 in tubulation assays (Pylypenko et al., 2007; Yarar
et al., 2008). Interestingly, Snx9 was also shown to prefer more
curved vesicles in the absence of phosphatidylinositol phos-
phates (PIPs) but to display affinity for a broad range of
membrane curvatures in the presence of the appropriate phos-
pholipids binding to the PX domain (Pylypenko et al., 2007).
Such a phenomenon could suggest plasticity within this domain,
yet little is known about the structural flexibility within BAR
domain dimers.
Sorting Nexins form a family of peripheral membrane proteins
characterized by a conserved PX domain and are involved in
intracellular membrane trafficking (Carlton and Cullen, 2005;
Worby and Dixon, 2002). Similarly to Endophilin and Amphiphy-
sin, Snx9 (also known as SH3PX1) contains an N-terminal SH3
domain with affinity for dynamin, synaptojanin, and N-WASP,
and this domain provides a physical link to vesicle scission and
endocytosis (Badour et al., 2007; Ringstad et al., 1997; Shin
et al., 2007; Yarar et al., 2007). The SH3 domain also binds to
the non-receptor-activated Cdc42-associated kinase (ACK)
associating Snx9 with the degradation of epidermal growth fac-
tor receptors (Lin et al., 2002; Yeow-Fong et al., 2005). Receptor
downregulation requires dimerization of the C-terminal BAR
domain and ACK-mediated phosphorylation of Snx9 (Childress
et al., 2006). The SH3 domain connects to the C-terminal
PX-BARmodule via a low-complexity region that mediates bind-
ing to clathrin light chains and the appendage domain of AP-2,
linking Snx9 to clathrin-mediated endocytosis (Lundmark and
Carlsson, 2002, 2003; Soulet et al., 2005).
In Snx9 (and the related proteins Snx18 andSnx30), the PX do-
main is located adjacent to the BAR domain and displays broad
specificity for mono-, doubly-, or triply phosphorylated PIPs,
namely, PI(3)P, PI(4,5)P2, PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3
(Pylypenko et al., 2007; Yarar et al., 2008) (Figure 1A). In the crys-
tal structure, the PX domains form lobes that interact with the
lateral surface that is close to the distal tips of the BAR domainsAll rights reserved
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Structure of BAR Domain ProteinsFigure 1. Structural Comparison of BAR Domain and BAR Domain-Related Proteins
(A–F) Crystal structures of (A) Snx9PX-BAR (Pylypenko et al., 2007; this study) and of the (B) BAR-PHmodule of APPL1 (PDB: 2ELB) (Li et al., 2007; Zhu et al., 2007)
are shown in two orthogonal views in their dimeric state. Dimeric crystal structures of isolated N-BAR domains from (C) Endophilin (PDB: 1X03) (Masuda et al.,
2006) and (D) Amphiphysin (PDB: 1URU) (Peter et al., 2004), the (E) F-BAR domain from CIP4 (PDB: 3EFK) (Shimada et al., 2007), and the (F) I-BAR domain of
IRSp53 (PDB: 1Y2O) (Millard et al., 2005) are shown. The degree of curvature of BAR domain dimers is indicated as gray lines.(Pylypenko et al., 2007) (Figure 1A). The domains form a continu-
ous surface for membrane interactions that spans the concave
side of the BAR domains and an area extending from the canon-
ical PIP-binding site. An additional motif, the conserved yoke
domain, connects the BAR and PX domains contributing to the
interdomain packing. The relative domain organization in this
structure is different than that observed for the two-domain
membrane-interacting module of the Rab-effector APPL1 (Li
et al., 2007; Zhu et al., 2007) (Figure 1B). The BAR and Pleckstrin
homology (PH) domains in APPL1 are connected via a long heli-
cal linker that packs against the three-helix bundle of the adja-
cent BAR domain, placing the PH domains of one protomer at
the distal tip of the BAR domain from its dimerization partner,
displaying a continuous membrane interface (Li et al., 2007). In
addition, a predicted amphipathic helix in Snx9, located N-termi-
nally to the PX and yoke domain, was shown to be functionally
homologous to the N-terminal helix in N-BAR domains crucial
for generating membrane tubules (Pylypenko et al., 2007).
As a prerequisite for its membrane-remodeling activity,
Snx9 has to undergo an oligomerization switch mediated by
PI(4,5)P2-containing membranes, producing a complex that
stimulates actin polymerization (Yarar et al., 2007). Oligomeriza-
tion has also been described as a major driving force for mem-
brane tubulation by F-BAR domains (Frost et al., 2008; Henne
et al., 2007; Shimada et al., 2007). As evidenced by electronStructure 16, 1574microcopy, F-BAR domains can form lattices on model mem-
branes, mediated by tip-to-tip and lateral interactions between
their helical bundles (Frost et al., 2008; Shimada et al., 2007).
Concerted changes within the lattice allow F-BAR domains to
interact with membrane tubes of various diameters (Frost
et al., 2008). In addition, tip-to-tip interactions between F-BAR
domain dimers have been observed in crystals (Shimada et al.,
2007). It is less clear to date whether BAR domains form similar
arrangements for sensing or tubulating membranes.
Here, we report crystal and solution structures of Snx9PX-BAR
lacking a short helix at the N terminus of the yoke domain. The
crystal structures by and large resemble the previously pub-
lished structure despite the truncation of the yoke domain. In
a second, new crystal form, tip-to-tip interactions between adja-
cent BAR domain dimers were observed, suggesting a mode of
oligomerization of Snx9 similar to that of F-BAR domain proteins.
In SAXS-based solution studies, a more elongated and curved
conformation of Snx9PX-BAR was observed, in addition to the
compact structure seen in crystals. In the curved state, the PX
domains appear to be flexibly linked to the BAR domain dimer.
In contrast, Endophilin exists in a rigid conformation, with a com-
parable degree of curvature in crystal lattices and in solution. Us-
ing SAXS, we determined a low-resolution structure of full-length
Endophilin and could position the SH3 domains at the distal tips
of the BAR domains. Our data suggest that particular BAR–1587, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1575
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Structure of BAR Domain ProteinsTable 1. Data Collection and Refinement Statistics
Structure Snx9 PX-BAR (Selenomethionine) Snx9 PX-BAR (Native)
Space group C2221 R32
Unit cell a = 67.0 A˚, b = 144.0 A˚,
c = 103.3 A˚; a = b = g = 90
a = 131.8 A˚, b = 131.8 A˚,
c = 569.1 A˚; a = b = 90, g = 120
X-ray source CHESS (F2) CHESS (A1)
Wavelength (A˚) 0.9792 0.9771
Resolution (A˚) 50–2.08 (2.15–2.08) 50–4.1 (4.25–4.10)
Number of measured reflections 437,532 204,578
Number of unique reflections 30,311 15,467
Data redundancy 14.4 (14.0) 13.2 (12.8)
Completeness (%) 100.0 (100.0) 100.0 (100.0)
Rsym (%) 11.2 (35.0) 10.9 (88.8)
I/sI 20.6 (9.6) 25.9 (3.0)
Current Model Refinement Statisticsa
Phasing SAD Molecular Replacement
Molecules/AU 1 3 (with 67% solvent)
Rwork/Rfree (%)
b 22.3 / 24.7 36.3/36.8c
Rfree test set size (number/percentage) 2072/6.8 682/4.4
Number of protein atoms 2883 Phaser statistics (likelihood gain/z-score):
Number of ligand atoms/solvent 5/143 1st Snx9PX-BAR: 315.3/16.42
Rmsd bond length (A˚) 0.005 2st Snx9PX-BAR: 875.8/25.44
Rmsd bond angles () 1.10 3rd Snx9BAR: 906.1/9.74
a Values as defined in SCALEPACK (Otwinowski and Minor, 1997) and CNS (Brunger et al., 1998).
b No sigma cutoffs.
c After rigid-body refinement, adjustment of the helical tips of the BAR domains, and grouped B factor refinement (using amodel of a Snx9PX-BAR dimer
and a third BAR domain).domains might be dynamic, and that hinge and interdomain mo-
tions might modulate their preference for tubules and vesicles
with different degrees of curvature.
RESULTS AND DISCUSSION
Crystal Structure of Snx9PX-BAR
Crystallization trials carried out with Snx9PX-BAR, the membrane-
binding and dimerization module of Snx9 (residues 230–595 of
human Snx9), yielded two crystal formswith distinct growthmor-
phologies and diffraction properties. For the first form, crystals
grown with selenomethionine-substituted protein diffracted
X-rays to a maximal resolution of 2.0 A˚ (Table 1). The structure
was solved by single anomalous dispersion (SAD) phasing, by
using a data set collected at the selenium anomalous scattering
peak wavelength. Snx9PX-BAR crystallized in the space group
C2221 with one molecule in the asymmetric unit. The biologically
relevant dimer is completed by a symmetry-related molecule
burying 5700A˚2 at the dimer interface (Figure 2B). The packing
and overall conformation is very similar to the structure of a
longer construct of Snx9 containing the complete yoke domain
(rmsd of 0.80 across 2234 atoms) (Pylypenko et al., 2007).
Local differences were observed at the unpaired distal helical
tips of the BAR domain dimer (Figure 2C).
The BAR domains line up to form a central six-helix bundle via
both hydrophobic and complementary electrostatic interactions1576 Structure 16, 1574–1587, October 8, 2008 ª2008 Elsevier Ltd A(see Figures S1A and S1B available online). Interestingly, each
BAR domain contributes six tyrosine residues to the homotypic
dimerization surface (in addition to two buried tyrosine residues
in the PX-BAR interface) (Figure S1C). Phosphorylation of Snx9
by Ack2 has been reported to be required for epidermal growth
factor receptor degradation (Childress et al., 2006; Lin et al.,
2002), and our analysis may suggest a structural model for phos-
phorylation-dependent changes in conformation or oligomeriza-
tion. The C-terminal tail of the BAR domain was resolved in the
crystal structure and forms important contacts by reaching
across the last helix of an adjacent BAR domain fold, consistent
with the finding that deletion of the C-terminal 13 residues results
in loss of dimerization, ACK2 binding, and epidermal growth
factor receptor degradation (Childress et al., 2006) (Figure 2B).
The PX-BAR interface is dominated by electrostatic and ionic
interactions, supplemented by a water-mediated hydrogen-
bond network (Figures S1A and S1C). Such an interaction might
be relatively easy to disrupt since solvation of the isolated
domains would be energetically favorable (see below). In a previ-
ously published structure, the N-terminal 15 residues of the yoke
domain that were omitted in our construct form an additional
short helix buttressing against the tip of the distal BAR domain
(Pylypenko et al., 2007). This helix does not contribute directly
to the PX-BAR domain interface (a1YN; Figure 2C) and is not
required for the formation of the conformation observed in the
crystal lattices.ll rights reserved
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Structure of BAR Domain ProteinsFigure 2. Structure of Snx9PX-BAR
(A) Domain organization of Sorting Nexin 9 (Snx9) and Endophilin. Schematic
presentations and binding partners of the domains in Endophilin and Snx9 are
shown.
(B) Crystal structure of Snx9PX-BAR. Two orthogonal views of Snx9PX-BAR
(residues 230–595 of human Snx9; space group C2221) are shown; the PX
domains are green and brown, and the BAR domains are orange and gray.
The membrane interaction surface is indicated as a dashed line.
(C) Local differences in the structures of Snx9. The structure of Snx9PX-BAR
(residues 230–595) was superimposed onto Snx9PX-BAR, including theN-termi-
nal amphipathic helix and helix a1YN of the yoke domain (residues 214–595;
PDB: 2RAJ) (Pylypenko et al., 2007).Structure 16, 1574Tip-to-Tip Interaction Observed in a Second
Snx9PX-BAR Crystal Lattice
We also obtained a second, rod-shaped crystal form that grew
under identical conditions by using the native protein. Despite
the low resolution (4.1 A˚), data quality was sufficient to determine
the space group (R32) and packing of molecules (three mole-
cules/asymmetric unit). Molecular replacement by using the
high-resolution structure as a search model was only successful
when protein backbone clashes were permitted or when the dis-
tal tip of the BAR domain was truncated, suggesting that lattice
formation involved subtle conformational changes in this region
(Figures S2A and S2B). We could place two PX-BAR domain
units into the electron density with high confidence (Table 1). A
third BAR domain could be located with lower scores, with the
corresponding PX domain not contributing to the solution (Fig-
ures 3A and 3B). Given the relatively low resolution and the
lack of experimental phases, model optimization was limited to
rigid-body refinement. Inspection of electron density maps re-
vealed additional uninterpreted density in the region in which
the BAR domain helices had been truncated to avoid clashes
(Figures 3C and 3E), whereas maps indicated good agreement
of themodel with the crystallographic data in the six-helix bundle
region (Figure 3D). In the final model, the helical tips of the BAR
domains were adjusted in accordance to the maps (Figures 3F
and 3G; Figure S2). The differences between the structures
from the two crystal forms were illustrated in Figure 3H.
Although the exact interactions between the predominantly
polar or charged residues in the tip-interaction interface could
not be determined, one residue, Arg-540, caught our attention.
This residue is conserved in Snx9 and in the other two members
of this Sorting Nexin subfamily, Snx18 and Snx30 (Haberg et al.,
2008). It is located on the helix that is most distal to the mem-
brane interacting surface (helix 3 of the BAR domain) (Fig-
ure S2B). In the longer Snx9PX-BAR structure (residues 214–595)
(Pylypenko et al., 2007), Arg-540 is engaged in contacts with
the N-terminal helix of the yoke domain. This helix packs against
the tip region of the BAR domain and might contribute to the sta-
bilization of the particular conformation observed in this crystal
form (Figure S3A). In the crystal form with R32 symmetry, helix
3 of the adjacent BAR domain partially occupies the space of
the N-terminal yoke domain helix and would displace it in the
context of longer constructs (Figure S3B). This competitive bind-
ing mode might be utilized by Snx9 to positively or negatively
regulate oligomerization or membrane association.
Tip-to-tip interactions appeared to be rather weak, with a bur-
ied surface area of 1220 A˚2, but they might be strengthened
and relevant when the BARdomains interact with themembrane.
Although a monomer-dimer equilibrium dominates in solution
(Figure S4; see below), this model is consistent with the observa-
tion that Snx9 oligomerizes on the surface of vesicles (Yarar
et al., 2007). A similar mode of interaction mediated by their
tips has been described for F-BAR domains (Frost et al., 2008;
Shimada et al., 2007). The packing described here is the first,
to our knowledge, structural evidence for similar interactions
within the BAR domain subfamily.
Solution Scattering Profiles of Endophilin and Snx9
For the PX-BAR module of Snx9, two modes of vesicle binding
have been described (Pylypenko et al., 2007). In the presence–1587, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1577
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Structure of BAR Domain ProteinsFigure 3. Tip-to-Tip Interactions between
BAR Domains in Rhombohedral Crystals of
Snx9PX-BAR
(A) Crystal packing in Snx9PX-BAR crystals solved in
a rhombohedral space group (R32). Two mole-
cules of Snx9PX-BAR (colored as in Figure 2B) and
an isolated BAR domain (red) were placed into
the electron density by using molecular replace-
ment and are shown as solid surfaces. Molecules
from adjacent asymmetric units are shown in rib-
bon presentation. The boxed regions are shown
in (C)–(F) as close-up views.
(B) Isolated filament of Snx9PX-BAR. Molecules
lined up along the long crystal axis are shown as
a surface presentation. The position of the PX do-
main of chain C was not included in the molecular
replacement solution. Its position relative to the
BAR domain is shown on the basis of the high-res-
olution crystal structure shown in Figure 2B. The
filament formed by Snx9PX-BAR dimers is twisted
with approximately four dimers completing
a 180 rotation.
(C) Electron density for tip-to-tip interactions be-
tween BAR domains within one asymmetric unit.
Density is shown for the region in which the BAR
domain tips of protomer C (red Ca-trace) and pro-
tomer A (orange Ca-trace) convene. BAR domain
tips (residues 518–544 of Snx9) had been removed
from the search model prior to molecular replace-
ment to avoid clashes. Electron density maps
shown have amplitudes of (jFoj  jFcj) or (2jFoj 
jFcj), with Fo and Fc being the observed and calcu-
lated structure factors, respectively, and were
contoured at 2.5s and 1s, respectively.
(D) Electron density for the six-helix bundle
region of a Snx9PX-BAR dimer. Electron density
maps were contoured at 3.5s (jFoj  jFcj) and
1s (2jFoj  jFcj).
(E) Electron density for tip-to-tip interactions be-
tween crystal symmetry-related BAR domains.
Maps were contoured as in (D).
(F) Modeling of the tip region of the BAR domains
based on the observed electron density. Molecules without truncation of the helical tips were superimposed onto molecules from the molecular replacement
solution. Residues 518–544 were treated as rigid body and were placed into the electron density maps.
(G) Ribbon presentation of tip-to-tip interactions between BAR domains. The orientation is identical to the view shown in (F).
(H) Comparison of crystal structures of Snx9PX-BAR. Conformational changes in the tip regions (residues 518–544) of Snx9PX-BAR are shown after superimposition
of the molecules obtained from orthorhombic crystals and from rrhombohedral crystals.of phosphoinositides that bind to the PX domains, Snx9 showed
no preference for a particular curvature of membranes. In
contrast, in the absence of PIPs, Snx9PX-BAR had a clear binding
preference for vesicles with high curvature (50–100 nm), sug-
gesting distinct curvature adaptations of the protein. One mech-
anism for achieving such curvature bias would be the formation
of distinct helical lattices of rigid domains, driven by tip-to-tip
and lateral interactions, on membrane tubes accommodating
different degrees of membrane curvature, as described for
F-BAR domains (Frost et al., 2008). An alternative mechanism
could involve a conformational change increasing the intrinsic
curvature of the BAR domain dimer.
To explore the conformation and intrinsic flexibility of BAR do-
main-containing proteins in solution, we carried out small-angle
X-ray scattering (SAXS) experiments. We collected X-ray scat-
tering data from monodispersed solutions of EndophilinBAR,
Snx9PX-BAR, and the respective full-length proteins. Typical scat-1578 Structure 16, 1574–1587, October 8, 2008 ª2008 Elsevier Ltdtering curves, measured to S values corresponding to 28 A˚ and
21 A˚ resolution, respectively, are shown in Figures 4A and 4B, re-
spectively. In addition to choosing exposure times that showed
no radiation damage, careful inspection of the Guinier plots at
low angles indicated good data quality and no significant protein
aggregation (inset in Figures 4A and 4B) (Konarev et al., 2003). In
addition, molecular weight determinations based on the scatter-
ing data corroborate good data quality (Table 2).
From the scattering profiles, molecular geometry parameters
such as the radius of gyration (Rg) and the maximum diameter
of a molecule or assembly (Dmax) can be obtained in a model-
independent manner (Wall et al., 2000) (Figure 4C). For Endophi-
linBAR, we observed a good agreement of these values calcu-
lated from the scattering data with the dimensions calculated
from the crystal structure (Rg = 35.8 A˚ [solution] versus 34.9 A˚
[crystal]; Dmax = 137.5 A˚ [solution] versus 130.0 A˚ [crystal]) (Sver-
gun et al., 1995). The dimensions of full-length Endophilin wereAll rights reserved
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Structure of BAR Domain Proteinslarger, with an Rg of 48.0 A˚ and a Dmax of 167.5 A˚, suggesting an
extended conformation. In contrast, Snx9PX-BAR appeared to
be elongated in solution, with an increase in Rg of 10 A˚ and in
Dmax of 38 A˚ compared to the values calculated from the crystal
structure (Rg = 49.2 A˚ [solution] versus 39.2 A˚ [crystal]; Dmax =
177.5 A˚ [solution] versus 140.0 A˚ [crystal]). In contrast, the full-
length protein did not appear to be extended further, having
a similar Rg compared to Snx9
PX-BAR (Rg = 51.7 A˚) and a shorter
maximum diameter (Dmax = 172.5 A˚) despite the presence of two
additional domains (residues 1–229).
Based on the scattering profile, distance distribution functions
(P(r)) were calculatedby inverseFourier transformation, providing
low-resolution shape information (Figures 4D and 4E). The P(r)
function for EndophilinBAR was in good agreement with the theo-
retical P(r) function calculated from the crystal structure showing
a distribution with a sharp peak at shorter distances gradually
dropping off to the maximum distance (Figure 4D). Such a profile
is characteristic of a rod-shaped protein. For full-length Endophi-
lin, a profile was observed with a peak at the same position as
observed for EndophilinBAR, indicative of some structural resem-
blance between the isolated BAR domain and the full-length
protein. The P(r) function for Endophilinfull-length had a bimodal
profile with a second peak at larger radii and a larger maximum
distance compared to the P(r) function for EndophilinBAR, sug-
gesting that full-length Endophilin is an elongated molecule
consisting of two folded domains (Figure 4D).
As already indicated by the difference in Rg and Dmax, the ex-
perimentally determined P(r) function for Snx9PX-BAR in solution
deviated significantly from the P(r) function calculated from the
crystal structure. The peaks for the solution state shifted toward
larger radii with a significantly larger Dmax (see above). Rg and
Dmax of full-length Snx9 suggested that the SH3 domain and
low-complexity region fold back onto Snx9PX-BAR in solution,
an interpretation that was corroborated by the P(r) function.
The profile partially resembled features of the one calculated
from the Snx9PX-BAR crystal structure, which may indicate that
intramolecular interactions involving the additional domains
constrain the conformation of full-length Snx9 (Figure 4E). Ana-
lytical ultracentrifugation experiments yielded comparable dis-
sociation constants, describing a monomer-dimer equilibrium
for full-length Snx9 and Snx9PX-BAR (KD
full-length = 7.9 mM and
KD
PX-BAR = 4.2 mM) (Figure S4). Compaction and interaction of
the SH3 domain and low-complexity region with the PX-BAR
unit are likely to occur within one protomer of a dimer and did
not contribute to the dimerization of Snx9 that appears to be
solely driven by the BAR domains. Intramolecular interactions
in full-length Snx9 are likely to contribute to the autoinhibition
of Snx9 (Worby et al., 2002), similar to mechanisms that have
been proposed for Amphiphysin and Pick1, two BAR domain-
containing proteins involved in membrane trafficking (Farsad
et al., 2003; Madsen et al., 2008).
SAXS-Based Shape Reconstructions for Endophilin
To investigate the origin of the larger Dmax and the discrepancy
between the experimental scattering curve and the P(r) function
for Snx9PX-BAR and the corresponding profiles obtained from the
crystal structure, we calculated low-resolution ab initio models
by using the program GASBOR (Svergun et al., 2001). In this ap-
proach, the positions of spherical scattering units representingStructure 16, 1574residues in a protein are adjusted by a simulated annealing
procedure to optimally match the data in real space by using
the P(r) function as a fitting target. Similar results were obtained
when fitting was performed against the scattering intensity (data
not shown). The proteins in this study were shown to be dimeric
in solution by analytical ultracentrifugation (Table 2; Figure S4)
(Gallop et al., 2006), allowing us to impose two-fold symmetry
during the modeling (trials in the absence of symmetry yielded
comparable results; data not shown). For each protein, 40 inde-
pendent simulated annealing runs were carried out. The accu-
racy of eachmodel was assessed by using a normalized residual
coefficient, c, that provides a value for the goodness of fit (Sver-
gun, 1999) (Figure S5B). Low values (close to 1.0) indicate a good
agreement of the models with the experimental data. Whereas
deviations from the ideal value might indicate systematic errors
from differences between samples and buffer blanks, they may
also indicate conformational heterogeneity. Superposition, aver-
aging of all models, and filtering of the most robustly modeled
regions generated a consensus envelope, which we refer to as
‘‘filtered volume’’ (shown in color in Figure 5 and subsequent fig-
ures) (Volkov and Svergun, 2003). The envelopes colored in gray
represent the sum of all models.
Themodel for EndophilinBAR derived fromSAXS datamatched
the shape of the crystal structure remarkably well (Figure 5A). c
values for individual solutions deviated slightly from the ideal
value (1.0) (Figure S5B), which may be due to flexible regions
in the protein. The N-terminal amphipathic helix, accounting for
10% of the protein, has been shown to be disordered in solu-
tion (Gallop et al., 2006) and may not be modeled accurately. In
addition, normal mode calculations suggested flexibility of the
unpaired tips within the BAR domain dimers (data not shown).
Given the striking similarity between crystal structures and the
shape reconstruction of EndophilinBAR, modeling results ap-
peared to be robust despite somewhat suboptimal c values.
The shape reconstruction for full-length Endophilin (Figure 5B)
yielded a curved structure in the central region that reproduced
the curvature of the isolated BAR domain very well (Figure 5). Ex-
tra density in the filtered volume not accounted for by the BAR
domain dimer revealed that the SH3 domains of Endophilin are
located at the tips of the BAR domain dimer, similar in position
to the PH domains in APPL1 (Li et al., 2007; Zhu et al., 2007) (Fig-
ures 1B, 5B, and 5C). For proteins with more than one lipid-bind-
ing domain (e.g., APPL1 and Snx9), the observed conformations
maximize the surface that interacts with membranes. Alterna-
tively, membrane binding could be a regulatory step, triggering
conformational changes that might displace adjacent domains
from the tips of the BAR unit. Interestingly, analysis of the elec-
trostatic potential of the EndophilinA2 SH3 domain (PDB code:
3C0C; unpublished data) revealed a predominantly negative po-
tential of the domain (data not shown), incompatible with
localization of this domain to the negatively charged membrane.
The robustness of the modeling and rigidity of Endophilin in
solution was corroborated by investigating the structural rela-
tionship of the individual models by using the output of the
averaging process. After superimposing the independently mod-
eled envelopes, pair-wise normalized spatial discrepancy (NSD)
values (Volkov and Svergun, 2003) were calculated as part of the
DAMAVER routine. We illustrated the conformational rela-
tionship of the models by using an unrooted tree presentation–1587, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1579
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Structure of BAR Domain ProteinsFigure 4. SAXS Data for Endophilin and Snx9
(A) Scattering profiles from solutions of the isolated BAR domain of Endophilin and full-length Endophilin. X-ray scattering curves of EndophilinBAR (red) and En-
dophilinfull-length (olive) are shown after averaging and subtraction of solvent scattering. See Experimental Procedures for details. Theoretical scattering profiles
calculated from the ab initio models with the lowest c values are shown (black line). The inset shows Guinier plots (including linear fits) at the low-angle region
(Smax*Rg < 1.3).
(B) Scattering profiles from solution of the PX-BAR unit of Snx9 and full-length Snx9. X-ray scattering curves of Snx9PX-BAR (orange) and Snx9full-length (green) after
averaging and subtraction of solvent scattering are presented as described in (A).
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Endophilinfull-length 48.0 ± 0.5 167.5 ± 2.5 79.8 65.2 ± 10 114 ± 12 0.79 ± 0.16 1.91
EndophilinBAR 35.8 ± 0.5 137.5 ± 2.5 56.4 50.5 ± 8 87 ± 9 0.93 ± 0.18 2.02
SNX9full-length 51.7 ± 0.5 172.5 ± 2.5 133.2 115.0 ± 18 235 ± 24 0.87 ± 0.17 1.77
SNX9PX-BAR 49.2 ± 0.5 177.5 ± 2.5 84.6 79.5 ± 12 150 ± 15 0.94 ± 0.19 1.58
aRg determined from Guinier equation and data that satisfy QmaxxRg < 1.3; similar values were obtained by using the program GNOM (Svergun, 1992).
bDmax was determined by using the program GNOM (Svergun, 1992).
cMMseq is the molecular mass of a dimeric protein calculated from the primary sequence.





whereMMlysozyme is themolecular mass of lysozyme, I
0 is the scattering intensity at zero angle (calculated from the linear region of the Guinier plot), and
C (mg/ml) is the protein concentration (Mylonas and Svergun, 2007).
e Vp is the excluded volume (Porod volume) calculated by using PRIMUS (Konarev et al., 2003). Data with S > 0.25 were excluded from this calculation.
Porod volumes (in nm3) for globular proteins are approximately twice the molecular weight (in kDa) (Petoukhov et al., 2006; Porod, 1982). Deviations
from this approximation may be due to the non-globular shape of the proteins analyzed here.







where I0 is the intensity calculated by using the Guinier equation andC (mg/ml) is the protein concentration determined from its absorbance at 280 nm.
Lysozyme served as a monodispersed protein standard (std). Ideally, the ratio Ipnorm/I
std
norm equals 1.00 (Jeffries et al., 2008; Taraban et al., 2008).
Cumulative errors reported here were based on lysozyme purity, measured deviations from buffer oxidation rates, and the estimated error for protein
concentration determination by UV spectroscopy.
gcbest is the lowest c value obtained for a free atom model from ab initio shape determinations by using GASBOR.on the basis of the NSD values. (Figures 6A–6C). The dendro-
gram for EndophilinBAR and Endophilinfull-length showed a tight
clustering of the models within a single node. The dendrogram
for Endophilinfull-length was slightly wider compared to the one
computed for the isolated BAR domain, possibly due to the big-
ger size of the system, leading to less convergence imposed by
a constant step number in the annealing procedure and/or more
conformational degrees of freedom (Figures 6A and 6B).
Structure and Plasticity of Snx9 in Solution
In order to elucidate the molecular basis for the differences
between the experimentally determined and crystal structure-
derived P(r) function of Snx9PX-BAR, we subjected the scattering
data of Snx9PX-BAR to a similar analysis as described above. In
contrast to Endophilin, Snx9PX-BARmodels clustered into two no-
des (Figure 6C). Inspection of representative scattering profiles
from models of the two nodes and comparison with the experi-
mental scattering curve revealed small, but significant, deviations
of the models from the experimental data (Figures 6D–6F).
Although most parts of the experimental and model-based scat-
tering curves overlapped almost perfectly (Figure 6D), there were
regions in the mid-resolution interval (corresponding to S =0.04–0.13 A1) in which models within each node systemati-
cally deviated from the scattering data. This was most visible in
difference plots (Figure 6E and 6F). All scattering curves derived
frommodels in node 1 deviated from the experimental scattering
curve and did so in an inverse, nonoverlapping way when
compared to curves derived from models in node 2. The models
in both nodes have comparable accuracy (c values) with regard
to the experimental data, which were similar to the values
obtained for the Endophilin models (Figure S5B). Therefore, the
clustering and deviations of themodels from the scattering curve
were exclusively based on differences in conformation (based on
NSD values), and not on overall fitting accuracy (based onc). The
clustering of the models into two nodes was specific for Snx9,
since similar calculations with Endophilin yielded a single,
predominant conformation in solution, which is in agreement
with crystal structures (Figures 4–6).
Averaging with all models was deemed to be inappropriate
and, in fact, resulted in misleading results due to misalignment
of models from different clusters (see Figure S5A and the corre-
sponding legend for details). Based on these observations, we
decided to restrict our analysis to the envelopes created from
separately averaging the models in node 1 and 2. Averaging of(C) Radius of gyration (Rg) and maximum diameter (Dmax) determined from solution scattering and crystal structures. Experimental values for Rg and Dmax for
proteins in solution were calculated from the scattering profiles by using the program GNOM (Svergun, 1992). Values based on available crystal structures
were calculated by using the program CRYSOL (Svergun et al., 1995).
(D) Distance distribution functions, [P(r)], for Endophilin. P(r) curves of EndophilinBAR (red) and Endophilinfull-length (olive) were calculated from SAXS data or from
the crystal structure of EndophilinBAR (dashed line).
(E) Distance distribution functions, [P(r)], for Snx9. P(r) curves of Snx9PX-BAR (orange) and Snx9full-length (green) were calculated from SAXS data or from the crystal
structure of Snx9PX-BAR (dashed line).
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Structure of BAR Domain ProteinsFigure 5. SAXS-Based Shape Reconstruc-
tions of EndophilinBAR and Full-Length
Endophilin
(A) EndophilinBAR. Models were calculated by
using the program GASBOR (Svergun et al., 2001)
and the P(r) function as a fitting target. The overall
volume after averaging (gray) and the filtered vol-
ume (red) were calculated from 40 independent
models by using the program DAMAVER. The
crystal structure of an EndophilinBAR dimer (PDB:
1X03; black ribbon) (Masuda et al., 2006) was
manually docked into the envelope. Two orthogo-
nal views are shown.
(B) Full-length Endophilin. Averaging (producing
the gray envelope), filtering (producing the olive
envelope), and manual docking were carried out
as described above. The crystal structure of an
isolated SH3 domain (PDB: 3C0C) was manually
docked into the extra density not occupied by
the crystal structure of the BAR domain dimer.
(C) Comparison of shape reconstructions for
EndophilinBAR and full-length Endophilin. Filtered
envelopes shown in (A) and (B) were superim-
posed manually.models in node 1 yielded a conformation that resembled features
of the state observed in the crystal structure of Snx9PX-BAR with
regard to overall curvature and the relative position of the BAR
and PX domains (Figure 7A). In contrast, averaging of models
in the second node produced an envelope that was more curved
than the conformation in the crystal lattices, suggesting that the
BAR domain of Snx9 might adopt different degrees of curvature
(Figure 7B). In addition, there was no defined density in the fil-
tered volume that could accommodate the PX domains, indicat-
ing higher mobility of these relative to the BAR domain dimer in
this conformation.
Rigid-Body Modeling of the Solution State of Snx9PX-BAR
Based on the ab initio modeling of conformational states of
Snx9PX-BAR in solution, we formulated a model that incorporates
changes within the BAR domain dimer and in the position of PX
domains relative to the BAR domains (Figure 8). BAR domain
curvature can be modulated in two nonmutually exclusive
ways: hinge motions involving the pivoting of rigid BAR domains
or kinking within the three-helix bundles. In the structure of
APPL1, the most curved conformation of a BAR domain dimer
described to date, the angle formed between two rigid BAR do-
mains is smaller than that observed in Endophilin or Amphiphy-
sin, which argues that different curvatures can be obtained by
variations in the dimer interface (Figures 1 and 8). For simplicity,
we modeled changes in curvature as scissor-type hinge motions
between two rigid BAR domain monomers (Figures 8A and 8B).
Keeping the PX domain positions fixed relative to the BAR do-
main, we manually increased the curvature of the BAR domain
dimer, scoring the models against the experimental scattering
data. Starting at a relatively high c value for the crystal structure
(suggesting differences between the solution and crystalline1582 Structure 16, 1574–1587, October 8, 2008 ª2008 Elsevier Ltdstates of Snx9), models with increased curvature fit significantly
better to the scattering curve, with a minimum in c at approxi-
mately 95. The hinge angles estimated on the basis of the ab
initio models were close to 100 for the more curved envelope
(conformational ensemble 2) and 140 for the conformation
resembling the crystal structure (conformational ensemble 1).
Next, we combined the manual optimization of the BAR mod-
ule curvature with an automated search of PX domain orienta-
tions by using the program BUNCH (Petoukhov and Svergun,
2005). Allowing the PX domains to adopt new positions relative
to the BAR domains resulted in a significant drop in c, indicating
a better agreement of the new conformation with the solution
scattering data (Figure 8C). Further optimization might not be
possible given the restrictions in degrees of freedom of this ap-
proach and the possibility that the PX domains are flexibly linked
to a more curved BAR domain unit, as suggested by the ab initio
modeling (Bernado et al., 2007). In addition, whereas the ab initio
modeling approach enabled us to deconvolute two conforma-
tional ensembles, rigid-body modeling was complicated by the
presence of a heterogeneous mixture of states. In this case,
the final model would only represent a snapshot of a dynamic
and heterogeneous ensemble (Figure 8C). Yet, the relatively
low c values for the more curved states with dislodged PX
domains suggested that this conformation is a major form in
solution and contributes to the scattering profile.
Taken together, the modeling against the SAXS data sug-
gested that Snx9PX-BAR could adopt a more curved state in solu-
tion. This result might explain the preference for smaller vesicles
when the PX domain is not engaged in the binding (in the ab-
sence of PIPs) (Pylypenko et al., 2007). Under these conditions,
it would mainly be the BAR domains contributing to membrane
binding, and the domains’ intrinsic curvature would determineAll rights reserved
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Structure of BAR Domain ProteinsFigure 6. Modeling and Conformational Heterogeneity of Snx9PX-BAR
(A) Structural comparisons of individual models from EndophilinBAR shape reconstructions. Unrooted distance tree diagramswere constructed on the basis of the
normalized spatial discrepancy (NSD) matrix produced during superposition and averaging of the individual shape reconstructions.
(B) Structural comparisons of individual models for Endophilinfull-length. Analysis was carried out as described in (A).
(C) Structural comparisons of individual models for Snx9PX-BAR. Analysis was carried out as described in (A). Models fell into one of two nodes of the dendrogram.
Nodes are colored in light green (conformational ensemble 1) or orange (conformational ensemble 2).
(D) Theoretical scattering profiles of SAXS-based models for Snx9PX-BAR from both nodes. The calculated scattering curve for models with the lowest c value
(fitted against the experimental data) from node 1 (green) and node 2 (orange) are shown. The experimental scattering curve is shown in black.
(E) Difference scattering profiles for models in nodes 1 and 2. Scattering curves calculated from shape reconstructions in node 1 (light green) or node 2 (orange)
were subtracted from the experimental data. The average and standard deviations of difference scattering profiles are shown. The region in gray is shown as
a close-up view in (F).
(F) Close-up view of difference scattering profiles in a region showing significant deviation from the experimental scattering profile. Curves are colored as in (E). A
region of the scattering profile corresponding to S values from 0.025–0.15 A˚1 is shown.their preference for smaller vesicles. In the presence of appropri-
ate PIPs, the PX domains will be engaged in membrane binding
of Snx9, rendering it insensitive to membrane curvature. The
functional role for these different modes of binding awaits further
experimental elucidation.
Conclusions
Recently, SAXS studies have been successfully used to eluci-
date the quaternary structure and domain organization, alterna-
tive states, and conformational heterogeneity of proteins in
solution (Bernado et al., 2008; Krukenberg et al., 2008; Putnam
et al., 2007; Sondermann et al., 2005; Tsutakawa et al., 2007).
Here, reconstructions of the solution state of Snx9PX-BAR in com-
binationwith a cluster analysis of themodels revealed an alterna-Structure 16, 1574tive conformation, different from crystal structures with regard to
curvature and interdomain flexibility. The conformational flexibil-
ity of Snx9PX-BAR and the structural differences between the
isolated PX-BAR module and the full-length protein might also
explain the differences observed in tubulation experiments
(Pylypenko et al., 2007; Yarar et al., 2008). Snx9PX-BAR produced
tubules with a diameter of 20 nm, smaller than the intrinsic BAR
domain curvature observed in crystal structures, and the authors
proposed a pitched association of Snx9 molecules (Pylypenko
et al., 2007). The more curved conformation described here
suggests an alternative model in which the BAR domain may
accommodate smaller vesicles by adopting different degrees
of curvature. In contrast, the full-length protein produced
40 nm tubules requiring higher protein concentration, suggesting–1587, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1583
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Structure of BAR Domain ProteinsFigure 7. SAXS-Based Shape Reconstructions for Snx9PX-BAR
(A) Shape reconstruction based on models from conformational ensemble 1. The overall volume after averaging (gray) and the filtered volume (green) were
calculated from models in node 1 of the normalized spatial discrepancy (NSD)-based dendrogram (see Figure 6C). The crystal structure of Snx9PX-BAR was
manually docked into the shape reconstruction.
(B) Shape reconstruction based onmodels from conformational ensemble 2. The overall volume after averaging (gray) and the filtered volume (orange) calculated
from models in node 2 of the NSD-based dendrogram (see Figure 6C) are shown.that the SH3 domain and low complexity region of Snx9 are not
only autoinhibitory, but may also contribute to determine the
conformation and mode of oligomerization of Snx9 (Yarar
et al., 2008).
To the best of our knowledge, this is the first structural evi-
dence that particular BAR domains exist in different states with
varying degrees of intrinsic curvature. An open question remains
as to whether some BAR domain proteins adjust their structure
to the curvature of the membrane and might use this mechanism
to change their overall conformation and, in that sense, function
as curvature sensors. Additional studies will be necessary to elu-
cidate the structures and dynamics of BAR domain-containing
proteins in solution and on membranes.1584 Structure 16, 1574–1587, October 8, 2008 ª2008 Elsevier Ltd AEXPERIMENTAL PROCEDURES
Protein Expression and Purification
A detailed description of expression and purification procedures is provided
as Supplemental Data. Briefly, cDNAs corresponding to the human sequence
of full-length Snx9 (Howard et al., 1999), the isolated PX-BAR module
(Snx9PX-BAR; residues 230–595 of human Snx9), EndophilinBAR (residues 1–256
of mouse Endophilin, isoform A1), and full-length Endophilin were cloned into
a modified pProExHT expression plasmid (Invitrogen), yielding a Precision Pro-
tease-cleavable, N-terminally hexahistidine-tagged protein, andwas expressed
in Escherichia coli BL21 (DE3) cells (Novagen) at 18C in TB medium. Protein
purification proceeded via standard metal affinity and size-exclusion chroma-
tography, including removal of affinity tags. Selenomethionine-substituted
Snx9PX-BAR was expressed with a hexahistidine-tagged SUMO moiety that
was cleaved by using the SUMO-specific protease Ulp-1 from S. cerevisiae.ll rights reserved
Structure
Structure of BAR Domain ProteinsFigure8. ModelingConformationalChanges
of Snx9PX-BAR in Solution
(A) Possible modes for structural flexibility in
Snx9PX-BAR. Cartoon presentations illustrate
possible conformational changes in Snx9PX-BAR,
including changes in the position and dynamics
(indicated by the arrows) of the PX domain relative
to the BAR domains and bending or hinging of the
BAR domain dimer.
(B) Snx9PX-BAR curvature fitting based on experi-
mental SAXS data. For simplicity, we created
Snx9PX-BARmodels with increased curvature man-
ually by pivoting of the BAR domains (see dia-
gram). Models with different q values were scored
against the experimental scattering data, with c
indicating the goodness of fit. Curvatures esti-
mated from the crystal structure of Snx9PX-BAR
and from the SAXS-based reconstructions with
models in node 2 (Figure 6C) are indicated.
(C) Rigid-body modeling of the SAXS data for
Snx9PX-BAR in solution. Modeling started with the
crystal structure of Snx9PX-BAR (green; structure
1). In the first step, the curvature of the BAR
domain dimer was optimized as described in (B)
(orange, structure 2), with the position of the PX
domain relative to the BAR domains being fixed.
Modeling the SAXS data by optimizing the position
of the X domain was performed by using the pro-
gram BUNCH (Petoukhov and Svergun, 2005).
Relatively low c values were obtained after
20 steps of simulation and by allowing flexibility
between the PX and BAR domains (structure 3).Crystallization, X-Ray Data Collection, and Structure Solution
Native crystals of Snx9PX-BAR were obtained by hanging-drop vapor-diffusion
by mixing equal volumes of protein (5–30 mg/ml) and reservoir solution (1.8 M
ammonium sulfate, 0.1MTris-base [pH 8.5], 5%PEG400, 0.05MMgSO4, and
15% xylitol), followed by incubation at 20C. Crystals with block-shaped and
rod-shaped morphology grew under identical conditions and appeared within
1 to 2 days with typical dimensions of 0.3 3 0.3 3 0.3 mm (orthorhombic
system) and 0.33 0.023 0.02mm (rhombohedral system). Crystals were flash
frozen in liquid nitrogen and were kept at 100K during data collection. Seleno-
methionine-substituted protein did not crystallize spontaneously. Streak
seeding with native crystals was used to initiate crystallization.
Crystallographic statistics for data collection are shown in Table 1. Data sets
were collected by using synchrotron radiation at the Cornell High-Energy
Synchrotron Source (CHESS, Ithaca, beamlines A1 and F2). Data reduction
was carried out with the software package HKL2000 (Otwinowski and Minor,
1997). The space groups were determined to be C2221 with a = 67.0 A˚, b =
144.0 A˚, c = 103.3 A˚ and R32 with a = 131.8 A˚, b = 131.8 A˚, c = 569.1 A˚. The
asymmetric unit consists of one molecule, bound to a sulfate ion (space group
C2221) or three molecules (space group R32). The initial structure was deter-
mined by using experimental phases obtained from selenomethionine-
substituted crystals, and the phases were calculated by using single-wave-
length anomalous dispersion (SAD). Structure solution was carried out by
using the software SOLVE/RESOLVE within the software package Phenix
(Adams et al., 2002; Terwilliger and Berendzen, 1999). The majority (80%) of
the Snx9PX-BAR model was built automatically in Phenix. Refinement with
CNS (Brunger et al., 1998) and O (Jones et al., 1991) yielded the final model.
Molecular replacement with Phenix was applied to solve the low-resolution
structure in the rhombohedral space group. Illustrations were made in PyMOL
(DeLano, 2002).
Small-Angle X-Ray Scattering Data Collection and Processing
Small-angle X-ray scattering (SAXS) experiments were carried out at the Ad-
vanced Photon Source (APS; BESSRC-CAT beamline 12-IDC, Argonne, IL)
at an electron energy of 12KeV. Low- and high-angle data (with Smin =Structure 16, 1570.25 and S = 0.15–0.55, respectively) were collected separately. Proteins
were filtered through 0.2 mm membrane filters (Millipore) and were loaded
into a flow cell. Scattering data were collected in triplicate at protein concen-
trations between 2 and 10 mg/ml. Taking into consideration the dissociation
constant for dimerization, only samples between 7.5 and 10 mg/ml (resulting
in 10% monomer fraction) were used for further analysis. Exposure times
were optimized by dose-response experiments, and only exposures (2 s)
showing no sign of radiation damage and aggregation were used. Background
scattering was collected from gel-filtration buffers used during protein purifica-
tion. Scattering data was background corrected, averaged, and scaled by us-
ing the programPRIMUS (Konarev et al., 2003) andwere analyzed by using the
programs GNOM and CRYSOL (Svergun et al., 1995; Svergun, 1992). Only
scattering data with Smax*Rg < 1.3, computed from Guinier plots at low-angle
regions, were considered for further analysis. Kratky plots, experimental mo-
lecular weight determinations, and the normalized scattering intensity, I0,
were used to assess the folded state of the proteins and overall data quality
by using the program IGOR PRO (version 5.04B). Distance distribution func-
tios, [P(r)], and Dmax were determined by using the program GNOM (Svergun,
1992).
Free-Atom and Rigid-Body Modeling
Ab initio free atommodeling was performed by using the programGASBOR22
(Svergun et al., 2001) with the distance distribution function as the fitting target.
All proteins were found to be dimeric under the conditions used, and P2 sym-
metry was used during modeling. A total of 40 independent simulations were
carried out for each protein. Solutions were then superimposed, averaged,
and filtered by using the program DAMAVER (Volkov and Svergun, 2003).
Calculated scattering curves and goodness of fit (c) were calculated by using
the program CRYSOL, as described earlier (Sondermann et al., 2005; Svergun
et al., 1995).
The conformational space occupied by the ab initio models and the hetero-
geneity of the solutions were illustrated by an unrooted distance tree diagram
constructed by using the program NEIGHBOR of the PHYLIP package (http://
evolution.genetics.washington.edu/phylip) and on the basis of the NSD matrix4–1587, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1585
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Structure of BAR Domain Proteinsproduced by DAMAVER. Tree files were then visualized in TreeView (http://
taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Atomic models with decreased or increased curvature were constructed
manually from crystal structures by using PyMol (DeLano, 2002) and were
scored against the experimental data in CRYSOL, based on the c values.
The model with the lowest c value was selected for automated rigid-body
modeling by using the program BUNCH (Petoukhov and Svergun, 2005). Dur-
ing this optimization process, the BAR domain dimer was treated as a single
domain with fixed orientation, and the two PX domains were allowed to
move relative to the BAR domain.
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